health and are found or suspected carcinogens. As a result, the United States Environmental Protection Agency (US EPA) classifies them as environmental priority pollutants, which should be removed from critically polluted environments. These compounds, due to the lack of an activating oxygen or nitrogen substituent group (which could make oxidation of the ring more energetically possible) are especially difficult to be degraded [1] [2] . Benzene is known as a volatile and monoaromatic compound in petroleum products [3] [4] . It is widely used in industry as a solvent for organic synthesis, equipment cleaning, and other downstream processing purposes. It is present in refinery and chemical industry effluents. Benzene compounds are frequently found in groundwater because of their leaking into underground storage tanks and pipelines, improper waste disposal practices, and inadvertent spills and leaching from landfills [5] . These pollutants cause many serious health effects to humans (e.g., skin and sensory irritation, central nervous system depression, respiratory problems, leukemia, cancer, as well as a disturbance in the kidney, liver, and blood systems [5] [6] . During the past several decades, a number of remediation techniques including biological (e.g., bioventing and phytoremediation), chemical (e.g., chemical oxidation and soil flushing), and physical (e.g., soil vapor extraction and thermal treatment) methods have been developed for the subsurface remediation of BTEX-contaminated soil and groundwater systems [7] [8] . The utilization of a biodegrading microorganism of BTEX compounds seems to be a promising method to overcome this problem. Aerobic bacteria, which are capable of BTEX degrading, are widely distributed in nature. Research on the genetics and metabolism of BTEX degraders suggests that Pseudomonas is mostly able to degrade BTEX [9] . Furthermore, related Ralstonia and Burkholderia species are involved in BTEX degradation [7] . In addition, Rhodococcus, Marinobacter Acinetobacter, Alcaligenes, Brevibacterium, Cladophialophora sp. strain T1 Nocardia, Bacillus, Bordetella, Arthrobacter, Bradyrhizobium, Acidovorax, Agrobacterium, Aquaspirillum, Variovorax and Stenotrophomonas were found to degrade BTEX in soil [10] [11] . A variety of factors, such as active biomass concentration, pollutant concentration, pH, and temperature, the availability of inorganic nutrients and electron acceptors, and microbial adaptation can influence the extent and rate of biodegradation of BTEX.
Moreover, the immobilized microorganism technology can be applied in biological treatments to enhance the efficiency and effectiveness of biodegradation, giving higher specific surface areas for microbial growth with better resistance against chemical toxicities and environmental stresses (e.g., pH, temperature, and toxic substances) [12] . Graphene as an acceptor can increase the lifetime of the electron-hole pairs. Also, it can increase the adsorption of pollutants due to the non-covalent interaction between organic pollutants and the aromatic regions of graphene, which can also be an immobilizer for microorganisms that give the higher metabolism and degradation of BTEX [13] [14] . This study aims to isolate a bacterial strain with benzene degradation ability and to investigate benzene biodegradation by free-living and graphene oxide (GO)-immobilized cells of the isolate. This was the first time that GO has been used as a suitable compound for the immobilization of some gram positive and negative bacteria to enhance BTEX biodegradation efficiency. Furthermore, the effects of GO concentration, environmental conditions such as pH, temperature, and benzene concentration on the biodegradation efficiency of Benzene are evaluated.
Material and Methods

Medium and Culture Conditions
An enrichment culture technique isolated the Benzene-degrading strain (GO-13T) in a medium containing benzene as the sole carbon and energy source from contaminated soil, collected from Masjed-Soleiman (31.9634° N, 49.2892° E) located in Khuzestan Province, Iran. The sampling site was contaminated by a variety of industrial waste products related to the oil and gas industry, that had been released over the decades. In September 2016, we collected 24 soil samples from depths of 10 cm and 25 cm in the studied area. A total of 24 soil samples from the sampling site were then taken to obtain representative composite soil samples. They were chilled at 4ºC during the transfer of the sample to the lab, and stored at -20ºC to carry out bacterial isolation and DNA [15] [16] . The pH value of the medium was adjusted to 7.0, and the medium was autoclaved to sterilize at 121ºC for 15 min. Benzene with 99.5% purity (Merck, Germany) was then added to the sterilized medium to a final concentration of 1% (v/v) as the sole carbon and energy source. The strain TY4-HX was grown aerobically in MSM at 30ºC on a shaker at 150 rpm for seven days. The culture medium was then transferred to a new MSM medium to incubate for another seven days. This procedure was replicated three times. The final enrichment cultures were transferred onto the benzene-containing agar plates [15] [16] .
Identification of Selected Strain by 16S rDNA Sequencing
Ribotyping analysis was carried out by TopazGene Company (Karaj-Iran). Briefly, DNA extraction was carried out using a top general genomic DNA extraction kit (cat NO. TGK1003; TopazGene Co., Iran). Based on the manufacturer's recommendation, the 16S rRNA gene was amplified using Top Bacterial 16s Ribosomal DNA amplification 2X Master mix (cat No TGI4001) and universal primers 27f and 1492R. The preparations
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of the reactions and PCR program were done according to the manufacturer's recommended procedure. On this basis, the amplification was performed in a reaction mixture of polymerase chain reaction (PCR) with 10xTaq buffer, 1.25 U AmpliTaqGold DNA polymerase, two mM dNTP mixture, 25 mM MgCl2, 0.7 mg DNA, and double-distilled water, which were mixed in a final volume of 50 ml. The PCR program was set as follows: 1 cycle of 94ºC for 5 min, 30 cycles of 94ºC for 1 min, 55ºC for 1 min, and 72ºC for 1 min, with one extension cycle at 72ºC for 10 min. The amplified product was visualized using horizontal electrophoresis of 1% agarose gel after staining with safe DNA staining. Amplified DNA was sequenced by Microsynth Company (Switzerland). Amplified DNA was sequenced by Microsynth bioinformatics analysis, which was carried out using MEGA6 software and EzBioCloud 16s database. Phylogenetic trees were obtained from MEGA6 software [17] [18] .
Design of Experiments and Modeling
Response surface methodology (RSM) as a statistical method could be implemented in order to determine the relationship among a certain response and a group of factors that are of importance to the investigator. This model is built to describe the response over specific ranges of the interesting factors. The response surface is addressed as the fitted model in many industrial applications, due to the capability of the response which can then be graphed as a line (curve) for one interesting factor or a surface for two interesting factors. Often the RSM is used to identify the range of operating conditions that can lead to the optimum response and satisfy certain operating or process specifications [16] . RSM also may be used to identify new operating conditions that would improve product quality, while correlating among the response and the main quantitative factors. A number of 30 runs with seven replications in the center point were selected to determine the initial pH, temperature, benzene, and graphene oxide concentration for attaining the maximum degradation of benzene. After determining the ranges of the optimum values, a full central composite design (CCD) was utilized to find the optimum conditions of the four factors (X 1 , X 2 , X 3 , and X 4 ) [19] [20] . RSM with a four-factor, three-level CCD design was used to optimize the response, Y (benzene degradation) of four variables:
…where Y is the predicted response; X 1 , X 2, X 3 and X 4 show temperature (ºC), benzene concentration (g/l), pH value and graphene oxide concentration (g/l), respectively; b 0 is the intercept term; b 1 , b 2 , b 3 , and b 4 represent linear coefficients; b 11 , b 22 , b 33 , and b 44 denote squared coefficients; and b 12 , b 23 , b 13 , b 14 , b 24 and b 34 are interaction term of the model [20] . The actual factor level corresponding to the coded factor levels are shown in Table 1 . The ranges of factor levels for the experimental design were selected based on the literature. The optimal culture conditions for maximum benzene degradation and the coefficients in the secondorder polynomial (Eq. 1) were calculated by statistical analysis using Design Expert Software (version 6.0.6).
Benzene Biodegradation Assay
Bacterial isolate was grown 24 h at 32ºC, 150 rpm, in MSM broth supplemented with 1% (v/v) benzene under aerobic conditions. Cells were harvested by centrifuge (10,000×g for 10min), washed twice in sterile MSM broth and resuspended in one-tenth volume medium. Bacterial suspension at density equal to 0.5 McFarland was used as inoculum to predict the optimal medium composition for benzene degradation. The benzene degradation was done by dissolving residual benzene of medium in 3 ml n-hexane and reading the optical density against a blank at 200-400 nm wavelengths, and benzene concentrations were analyzed periodically by solid phase micro extraction followed by gas chromatographic detection using a gas chromatograph. Gas chromatographic experiments were performed with a GC-CP-3800 from Varian Company, Australia, equipped with a flame ionization detector (FID), a 1177 split/splitless injector, a cp-spill 8 CB (30 m, 0.32 mm, 0.25 μm), and helium as a carrier gas with a constant flow rate of 2 mL/min. Chromatographic experiment run time was set to 10 min using a temperature programming starting from 40ºC to 150ºC. Compounds were separated through, and since the abiotic loss was observed during prolonged incubation times, benzene biodegradation was estimated by measuring differential disappearance of these compounds in the test solution containing TY4-HX, and in control, a solution prepared under the same condition in the absence of TY4-HX (abiotic control solution). Results were expressed as the residual percentage of benzene as (C t /C c )*100, where C t is the benzene concentration in the test solution containing 
Preparation and Characterization of Graphene Oxide (GO)
High-purity graphene oxide powder (GO 99.999%) with 6-10 layers graphene oxide (GO) were purchased from US Research Nanomaterials INC, with 5-10 nm inner and 20-30 nm outer diameter, and surface area of >110 m 2 /g. For the synthesis, a GO solution with a concentration of 0.05g/l was prepared, and then it was ultrasonicated for 15 min. After that, the GO solution was added to a 0.2 M cysteine solution, which was connected to a reflux system. GO was changed to reduced graphene oxide (rGO) [14] . Characterization of the GO was done with the help of a scanning electron microscope (SEM, Seron model mira3) and fourier transform infrared (FTIR) (Perkin Elmer). Different amounts of GO (0.05, 0.2, 0.35, 0.50, 0.65 g/l) were dispersed in sterile distilled water under ultrasonic dispersion for 30 min. Then 10 μl of bacterial suspension of density equal to 0.5 McFarland was resuspended in MSM and 100μl of different amounts of GO was added. The incubation temperature, pH, and initial concentration of benzene were adjusted based on optimum conditions obtained by RSM. After incubation for 24h with shaking at 150 rpm, benzene degradation was determined. The GO with adhered strain were analyzed using scanning electron microscopy (SEM) and fourier transform infra-red (FTIR) techniques. For SEM analysis, GO was rinsed three times with sterile distilled water to remove unattached cells. Afterward, they were observed via SEM. FTIR studied the surface organic structures of the GO. Spectra recorded at four 1/cm and 0.01 1/cm of resolution between 4000 and 500 1/cm using a Perkin Elmer Spectrum two series model instrumental analysis with the KBr disc method [14] .
Results and Discussion
Benzene-Degrading Isolates Characterization Fig. 1 shows the SEM image of the GO sheets that were used in this research. It can be seen, and the GO was included a few layers that are completely separated.
After sampling from oil-contaminated soils and enrichment procedures in MSM benzene-containing broth, the benzene-degrading bacterial strain with the best growth in the presence of benzene was selected.
The observation of bacterial growth on MSM benzene-containing agar plates revealed that the bacterial cells of the selected isolate were Grampositive, motile, facultatively anaerobic, endosporeforming rods, and with a diameter of 0.5-0.8 mm and length of 1.7-4.8 mm. Central or subterminal ellipsoidal endospores were observed without swollen sporangi.
Bacterial colonies formed on nutrient agar were creamy white, mucoid, translucent, raised, and 3-4 mm in diameter. After two days of incubation at 37ºC, they were capable of growing at 15-55ºC and could tolerate up to 8% NaCl. It produced catalase but not oxidase. Positive results were observed in tests for hydrolysis of casein, aesculin, gelatin, and starch, and tests of nitrate reduction and β-galactosidase activity [23] . Comparing the sequences of the obtained 16S rDNA gene from the isolate with the sequences in GeneBank revealed that this strain had the highest similarity (99.72%) to Bacillus glycinifermantans strain GO-13T (1430 bases) under the accession number of LBMN01000156. This genus bacterium was used for degradation of aromatic hydrocarbons such as monoaromatic hydrocarbons (MAHs) and polyromantic hydrocarbons (PAHs) [24] . Bacillus genus has been the focus of several studies because of its possible applications in bioremediation. It is used as biological agents for removing the environmental pollutants. Fig. 3 illustrates 
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the phylogenetic tree of Bacillus glycinifermantans strain GO-13T that was constructed using the MEGA (version 6) [19] .
RSM Model Development
Instead of optimizing medium composition by a onefactor-at-a-time approach, the statistical RSM design provides the opportunity to determine the optimal conditions in any given parameters by establishing the relationship between factors and predicted responses. The RSM design was applied to obtain the precise factor values that result in Table 2 .
Benzene Biodegradation
By applying multiple regression analysis to the experimentally determined data in Eq. (1), the regression coefficients were estimated, and the following secondorder polynomial equation was obtained for benzene biodegradation:
The predicted optimum levels of X 1 , X 2 , X 3 and X 4 were obtained by applying regression analysis (Eq. 2), and they were 0.28 g/l GO, pH = 7, 32ºC and 1.25 g/l of benzene concentration. The prediction of benzene biodegradation was 73.95%. The coefficient of determination (R 2 ) value of the regression for the response related to significant effects on the model was 0.9592, which means that the sample variation of 95.92% for benzene degradation was attributable to the factors. The adequacy of the full quadratic model of benzene degradation was also evaluated with ANOVA. Model summary statistics in Table 3 indicated the adequacy of the models, including linear, 2-factor interactions, and quadratic terms. Linear and interaction models for benzene degradation were significant (Table 3) . Figures S1-S3 in the supplementary material illustrate the interaction of pH, temperature, and benzene concentration with GO concentration (including surface and contour plots in RSM).
SEM Observations and FT-IR Analysis
The bacterial adhesion on the surface of GO in the presence of 1.25 g/l benzene was observed using SEM. Fig. 2 depicts bacteria cells trapped among the GO array bundles, which can be due to the interactions of bacteria cells with the external surfaces of GO arrays. Furthermore, Fig. 2 indicates that there are no significant changes in the morphology of the bacteria cells after incubating with GO arrays. These SEM images reveal that GO clusters only capture the bacteria cells due to sieve mechanisms without any damage to the cell wall. No changes were found in the structures of the GO after bacteria immobilized, which is the benefit of the method as observed in other studies [24] [25] . This observation differs from other studies. The utilization of non-array graphene oxides has shown that graphene oxide rupture cell wall-membrane due to toxicity mechanisms such as oxidative stress and physical damage [26] , while this observation has not been found in this study (Fig. 4) .
Comparing the whole spectrum of GO and GO/ Bacillus glycinifermentans Strain GO 13T are presented in Fig. 5 , which reveals FTIR spectra of the products as well as the pristine GO sheets. For GO, the broad peak centered at 3232 cm -1 is attributed to the O-H stretching vibrations. On the other hand, the peaks at 1719, 1604, 1367, and 1271 cm -1 are assigned to the C═O stretching, sp 2 -hybridized C═C group, and O-H bending, C-OH stretching, and C-O-C stretching, respectively [27] . Also, the peaks at 1110 and 1014 cm -1 can be attributed to the C-O vibration of the epoxy or alkoxy groups [28] . It can be seen that all peak positions of GO sheets are shifted, which is a sign of the interaction of benzene and GO sheets. However, some peaks belong to the benzene 617 cm -1 and 1104 cm -1 [27] . Besides, the peak at 2911 cm -1 belongs to the reduced graphene oxide (rGO) that was observed in our previous work [26] . Therefore, the FTIR results indicate that proper interaction was happened between this bacteria and GO sheets, and that GO sheets were changed into reduced graphene oxide (rGO) sheets during the biodegradation process (Fig. 5 ).
Adsorption Performance of Free-Living and Immobilized Cells
The removal of 1.25 g/l benzene by the free and immobilized cells of Bacillus glycinifermentans Strain GO 13T with different amounts of rGO under an initial pH of 7 and a temperature of 32ºC during 24 h and shaking at 150 rpm was studied ( Fig. 6 ). Besides, a higher benzene removal percentage was achieved by immobilized cells by 0.28 g/l GO. In this study, benzene, at pH of 7, 32ºC, and an initial concentration of 1.25 g/l was considerably degraded by 55% by the free-living cells and up to 77.3% by immobilized cells of Bacillus glycinifermentans Strain GO 13T (Fig. 6 ). Similar studies have also shown that immobilized Bacillus cereus WJ1 with a multi graphene modified electrode was able to increase the biodegradation of phenol and also their repeated operation. Graphene showed better phenol adsorption [29] . Positively charged benzene molecules attract the negatively charged molecules such as graphene oxide, which is an effective BTEX compound adsorbent with good potential of BTEX compound removal from wastewater [30] [31] . Our previous study showed that Go had very good performance in eliminating the microbial xylene contained in the spill by Sphingomonas pucimobilis as an appropriate immobilizer [13]. It was the first time that Go has been used as a suitable compound for the immobilization of some gram positive and negative bacteria to enhance BTEX biodegradation efficiency. The adsorption mechanism of benzene on Go is mainly attributed to the π-π electron donor-acceptor interaction between the aromatic ring of Benzene. 
Conclusions
This study investigated the biodegradation of Benzene using free and immobilized Bacillus glycinifermentans Strain GO 13T, which was isolated from contaminated soils collected from Masjed-Soeilman in Khuzestan, Iran. Benzene-degrading bacterium with high biodegradation activity and high tolerance of benzene was capable of removing the benzene in liquid mineral salt medium by 55% over 24 h. Moreover, graphene oxide (GO) was used to immobilize the strain TY4-HX. Analysis by FTIR and SEM showed the strain adhered onto the graphene oxide surface during the bacterial growth period. The immobilized cells possessed better storage stability and could remove benzene by 77% in 0. 28 g/l GO during 24 h. Based on the results; it is evident that benzene degradation by immobilized bacteria is higher than by bacteria alone, and the surface carboxylic groups of graphene oxide. Using response surface methodology, the optimum values of pH, temperature and benzene concentration for benzene degradation by free and immobilized cells were determined as 7, 32ºC and 1.25g/l, respectively. The unique properties of graphene oxide such as the very suitable surface for bonding and reaction with organic and mineral compounds in removing these compounds as well as the appropriate immobilizer to microorganisms like organic compounds' degrading bacteria (GO 13T) make it a potential substance to be considered in further studies for enhancing the efficiency of decomposition rates. 
